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INTERNAL  THERMAL  LIMITS  OF  RUBY  LASER  PERFORMANCE 


Prepared  by: 
Irving  I.  Sochard 


ABSTRACT:  The  operation  of  a  ruby  laser  is 
highly  dependent  on  the  amount  of  heat  it 
receives  from  a  light  pump.  The  lower  the 
operating  temperature  of  the  ruby  the  higher  the 
efficiency  of  the  device.  This  report  gives  a 
brief  quantitative  analysis  of  the  heat  transfer 
rates  seen  by  the  ruby  and  the  maximum  repetition 
rates  at  which  the  ruby  can  lase. 
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This  report  is  intended  as  a  brief  investigation  of  the 
thermal  limits  of  ruby  lasers,  since  these  limits  are  of 
extreme  importance  in  any  future  laser  investigations. 
This  work  was  performed  under  Task  #PR->8. 


R.  E.  ODENING 
Captain,  USN 
Commander 
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INTERNAL  THERMAL  LIMITS  OF  RUBY  LASER  PERFORMANCE 


1.  The  time  averaged  coherent  light  output  of  a  ruby  laser 
at  a  fixed  temperature  is  proportional  to  the  time  averaged 
input  of  pump  light.  The  requirement  that  for  steady  state 
operation  the  heat  content  of  the  absorbed  radiation  must 
be  removed  at  the  rate  it  is  generated  is  an  important 
limitation  on  the  obtainable  power  output.  This  analysis 
indicates  the  importance  of  maintaining  low  temperatures 
and  high  heat  transfer  rates  at  the  surface  of  the  crystal. 
This  can  be  practically  done  by  immersing  the  ruby  in  a 
flowing  cryogenic  liquid.  It  might  be  mounted  in  a  trans¬ 
parent  double  walled  evacuated  tubing  as  shown  in  Figure  1. 
The  most  convenient  cryogenic  liquid  is  probably  nitrogen 
because  of  its  relatively  low  cost  and  high  heat  of 
vaporization. 

2.  The  thermal  conductivity  (K)  of  ruby  at  low  temperatures 
is  extremely  high  but  drops  rapidly  at  temperatures  above 
77° K  as  shown  in  Figure  2.  The  radial  temperature  gradient 
in  a  heat  generating  long  cylinder  is  related  to  the 
generated  heat  per  volume,  q,  by 


AT  = 


4k 


(1) 


where  r  is  the  radius  and  K  the  average  thermal  conductivity 
for  the  range  AT.  The  approximation  is  made  that  heat  Is 
generated  uniformly  throughout  the  crystal.  Then 


q  = 


irr 


(2) 


where  Q  is  the  heat  generated  per  unit  length  and  V 
the  volhme  per  unit  length.  Substituting  we  get  1 


is 


AT  = 


4k 


nr 


bvK 


(3) 
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Ql  =  4tr  ATK.  (4) 


This  indicates  that  the  time  averaged  rate  of  heat  removal 
pe£  AT  is  a  function  only  of  length  and  independent  of  radius. 
Figure  3  is  calculated  from  Equation  (4)  where  T  is  the 
temperature  maintained  at  the  surface  of  the  crystal.  It  is 
approximated  by  using  the  value  of  K  at  (T  +  iAT).  Figure  3 
indicates  that,  due  to  the  sharp  decrease  in  thermal 
conductivity  with  increasing  temperature,  <$  can  have  a 
maximum  as  a  functien  of  AT. for  a  fixed  T  •t  Since  ^he 
coherent  output  per  unit  length  is  proportional  to  Q  ,  it 
will  have  a  maximum  as  a  function  of  pumping  rate,  based  on 
present  technology  this  will  be  on  the  order  of  1.0%  of  Q  .  The 
efficiency  of  conversion  of  pump  light  to  coherent  output1  falls 
rapidly  with  average  temperature  so  the  peak  output  will  occur 
at  a  substantially  lower  AT  than  indicated  by  Figure  3« 

The  values  of  Tp  in  Figure  3  represent;  77° K  -  maintaining 
the  surface  at  liquid  nitrogen  temperature,  100°K  -  allowing 
for  a  reasonable  rise  in  temperature  from  the  liquid  nitrogen 
to  the  crystal  surface,  300°K  -  cooling  with  a  room 
temperature  liquid  like  water. 

3.  The  maximum  pump  energy  per  unit  length  that  can  be 
supplied  per  pulse,  Q  ,  can  be  assumed  to  be  the  average 
heat  content  above  T0P  that  is  present  at  one  time  and  is 
approximated  by 


Qp  =  i  ATUr2)p  Cp 


(5) 


where  p  is  the  density  of  the  crystal  and  Cp  is  the  average 
value  of  the  specific  heat,  approximated  by  the  value  of  Cp 
at  (To  ♦  ■JAT)  in  Figure  2.  Figure  4  shows  the  approximate*^ 
stored  energy  per  unit  volume  for  T0  *  77°K.  Since  Cp  is 
small  at  77®K,  substantial  temperature  rises  will  result  if 
large  amounts  of  pump  energy  are  supplied  per  pulse.  As 
the  conversion  efficiency  drops  rapidly  with  increasing 
average  temperature,  there  will  be  a  maximum  value  of 
coherent  output  possible.  The  general  relationship  between 
efficiency  and  average  temperature  is  not  know  at  the  present. 


4.  An  approximation  of  the  maximum  possible  pulse  repetition 
rate  can  be  calculated  by  defining  a  response  time  (r)  as. 
the  time  required  to  remove  Qp  at  a  rate  of  heat  removal  Q  . 


*AT(*r2)  pCT 


r 


£5l 

T. 


r  - 


4*  AT  1C 


(6) 
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Fig.  4  PumpEnergy  Storage  in  Ruby 
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1 

r  =  —  —  -  (7) 

8  D 

The  usual  definition  of  the  thermal  diffusivity,  D,  has  been 
substituted,  see  Figure  2.  The  maximum  repetition  rate  can 
then  be  defined  as 


1  8D 


Figure  5  is  a  plot  of  Equation  (8)  as  a  function  of  the 
average  crystal  temperature. 

5.  The  values  given  in  Figure  3  and  5  represent  maximum 
rates  limited  only  by  the  thermal  properties  of  the  ruby. 
Below  Tc  =  150°K  these  are  probably  not  obtainable  in 
practice  as  the  system  is  limited  by  the  possible  rate  of 
heat  transfer  at  the  crystal-liquid  interface.  The  area 
rate  of  heat  transfer  is  limited,  at  low  flow  velocities, 
by  the  formation  of  a  vapor  film  and,  at  high  flow 
velocities,  by  frictional  heating.  The  exact  determination 
of  the  maximum  possible  heat  transfer  rate  for  a  given  liquid 
would  constitute  a  difficult  but  feasible  project.  The 
average  value  approximations  used  in  this  study  are  fairly 
crude  and  are  meant  only  to  be  indicative  of  the  general 
trends.  The  exact  solution  can  be  obtained  by  a  straight¬ 
forward  machine  computation.  The  exact  rate  of  heat 
generation  as  a  function  of  position  should  then  be  included. 
This  can  be  calculated  from  optical  absorption  coefficient 

of  the  pump  light. 

6.  As  more  information  about  conversion  efficiency  as  a 
function  of  temperature,  materials  and  configuration  becomes 
available  the  exact  solution  of  the  thermal  conduction 

and  heat  transfer  problem  should  be  warranted. 
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